Background In vitiligo, melanocytes are gradually lost in depigmented macules of the skin. The disappearance of melanocytes has, however, not been clearly observed and consequently the aetiology of the disease (autoimmune, neural, cytotoxic) is still elusive. The starting point of vitiligo macules is frequently determined by local conditions such as wounds and excoriations, but may also follow minor traumas such as pressure or repeated friction. This prominent feature is often neglected. Objectives To clarify the biological consequences of repeated friction on the attachment and survival of melanocytes in non lesional vitiligo skin. Methods Light reproducible skin friction was performed for 4 min on the volar forearm of 18 patients with extensive vitiligo and five controls with normal healthy skin. Biopsies from the test area and control skin were taken at 1, 4, 24 and 48 h following friction. Serial sections were examined with standard light microscopy, transmission electron microscopy, histochemistry and immunohistochemistry (dihydroxyphenylalanine, HMB-45, E-cadherin and an early apoptosis marker, M30 cytoDEATH antibody). Results The observation of sections at 1 and 48 h after friction on vitiligo skin and at all time points in controls revealed no changes. In contrast, in vitiligo skin at 4 and 24 h after friction, several melanocytes had undergone detachment and were found in various suprabasal positions, including the stratum spinosum, granular layer, and within and outside the stratum corneum. Conclusions Detachment and transepidermal elimination of melanocytes following minor mechanical trauma in non lesional vitiligo skin is probably the cause of depigmentation occurring in the isomorphic response (Koebner phenomenon). We propose that transepidermal elimination of melanocytes in vitiligo should be regarded as a possible mechanism of chronic loss of pigment cells, perhaps previously damaged by another process.
Epidermal melanocytes are usually integrated into the basal layer of the epidermis, but they can leave their basal position in several clinical and experimental conditions such as melanocyte transplantation, 1 topical application of sodium lauryl sulphate, 2 ultraviolet (UV) irradiation of melanocytic naevi 3 and in skin equivalents made with HaCaT epidermal cells. 4 Intrinsic and extrinsic pathomechanisms have already been discussed in the aetiology of vitiligo (reviewed by Taïeb 5 ). This disorder is characterized by an acquired and gradual loss of melanocytes in depigmented areas of the skin. Despite many histological studies performed on vitiligo skin, melanocyte destruction has never been clearly observed. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] As acute perilesional inflammation is rarely seen in vitiligo, it could be reasonable to postulate that vitiligo melanocytes die by apoptosis rather than by necrosis. However, melanocyte apoptosis has not been unequivocally demonstrated in the skin of patients with progressive vitiligo. 17 Kaposi was the first to point out that the starting point of some vitiligo lesions could be caused by local conditions. 18 Several reports have subsequently shown that the Koebner phenomenon occurs in the majority of vitiligo patients. [19] [20] [21] [22] [23] [24] [25] [26] [27] In our experience, vitiligo vulgaris macules frequently appear at sites subjected to repeated mechanical traumas of various origins, e.g. friction during everyday washing and dressing or occupational and sports activities. 28 Human skin is repeatedly exposed to mechanical stimuli, usually grouped under the term ÔfrictionÕ. This prominent feature is often neglected in dermatology. During friction an alternation of stretching and relaxation results in an adaptive response of the normal skin and also in epidermal disruption in pathological conditions. In the course of the chronic frictional response it has been suggested that epithelial cells are able to sense mechanical forces and transform them into biochemical signals. 29, 30 For example, melanocytes may respond to the application of mechanical pressure with enhanced melanin formation 31 and to the in vitro application of stretching and relaxation by cell proliferation. 32 Histological examination of friction melanosis, in which epidermal melanocytes are involved, revealed a hyperpigmentation of the basal layer, with pigment incontinence and colloid deposits in the upper dermis. 33 The aim of this study was to investigate the consequences of skin friction on melanocyte attachment and survival in the normally pigmented epidermis of vitiligo patients.
Materials and methods
After ethical committee approval of the study, 18 volunteers with extensive vitiligo and five controls without skin disease, with ages ranging from 20 to 70 years, were studied. Macroscopically normal pigmented skin on the volar surface of the forearm was chosen for the experiments. The friction device used was an electric toothbrush (Blendadent, France), the smooth part of the handle of which was used to rub the skin for 4 min. Immediately after rubbing and after 24 h, the macroscopic appearance of the skin tested was normal and no erosions were detected. Biopsies from the test area and control skin were taken after 1, 4, 24 and 48 h. The specimens were processed for light microscopy (20 sections), immunohistochemistry and transmission electron microscopy.
Dihydroxyphenylalanine reaction
Ten-micrometre cryostat sections were fixed in 10% cold neutral formalin for 1 h, washed three times with 0AE1 mol L )1 phosphate buffer at pH 7AE4 and incubated
phosphate buffer at pH 7AE8 for 2 h at 37°C, and thereafter processed conventionally and counterstained with haematoxylin and eosin.
Electron microscopy
The biopsies were fixed in 2AE5% glutaraldehyde buffered with 0AE1 mol L )1 cacodylate at pH 7AE4 for 60 min at room temperature. The samples were postfixed for 1 h in 2% osmium tetroxide in cacodylate buffer, then dehydrated in a graded series of ethanol (5 min each) and embedded in Epon. Sections were cut using a diamond knife with a Reichert ultramicrotome and stained with uranyl acetate. Ultrathin sections were examined at 60 kV with a JEOL 100 s electron microscope.
Immunohistochemistry
For all patients and controls, 5-lm cryostat sections were obtained from each skin specimen and air dried. Sections were incubated with the antibody HMB-45 for the detection of premelanosomes and mature melanosomes, and using the Vectastain Elite ABC mouse IgG kit (Vector Laboratories, Burlingame, CA, U.S.A.). E-cadherin expression was studied in lesional and non lesional skin from six vitiligo patients, and in control normal skin obtained from plastic surgery. Sections were incubated overnight at 4°C with an anti-E-cadherin antibody (Novocastra, Newcastle upon Tyne, U.K.) diluted 1 : 20 in Tris-buffered saline. The slides were then incubated for 1 h at room temperature with a fluorescein isothiocyanate-conjugated antimouse immunoglobulin (Dako, Glostrup, Denmark) diluted 1 : 20 in phosphate-buffered saline (PBS).
Early apoptosis was detected in lesional, non lesional and rubbed non lesional skin from two vitiligo patients. UVB-irradiated normal skin served as a positive control. Skin samples were fixed in formalin and embedded in paraffin. Microwave heating was used for antigen retrieval. Sections were incubated for 1 h at room temperature with the M30 cytoDEATH antibody (Boehringer Mannheim, Mannheim, Germany) diluted 1 : 10 in PBS. The slides were then incubated for 30 min at room temperature with antimouse biotin diluted 1 : 100 in PBS, followed by incubation for 30 min at room temperature with streptavidin peroxidase diluted 1 : 1000 in PBS. Aminoethylcarbazole was used as chromogen.
Results
The appearance and location of melanocytes in the skin of the five controls seemed to be normal at the various time points. For non lesional vitiligo skin, no changes were observed in biopsies taken 1 and 48 h after friction. After a careful examination of specimens taken 4 and 24 h after friction, several melanocytes stained by the DOPA reaction or the HMB-45 antibody were observed repeatedly in suprabasal locations, including the mid-epidermis, upper layers of the stratum spinosum, and within and outside the stratum corneum.
Four hours after friction
The ultrastructural study consistently revealed four types of abnormalities: (i) foci of vacuolar degeneration of basal keratinocytes and melanocytes; (ii) a few melanocytes detached from the basal membrane; (iii) a vacuolar degeneration of basal keratinocytes immediately adjacent to detached melanocytes; and (iv) extracellular granular material liberated from degenerated keratinocytes (Fig. 1a) .
Furthermore, extracellular spaces around epidermal melanocytes were increased. Detached melanocytes located in suprabasal positions were observed by light microscopy in a few sections (Fig. 1b) . 
Twenty-four hours after friction
A variation in melanocyte location was noted. Normalappearing melanocytes were still found on the basal lamina, but some melanocytes were located higher in the epidermis under the granular layer and within or outside the stratum corneum. When they were located above the stratum corneum, melanocytes were no longer dendritic but were round in shape. In this unusual location, when they were not damaged by histological processing, they were still DOPA-and HMB-45-positive (Fig. 2) . This latter marker was appropriate to eliminate staining artefacts.
An ectopic distribution of melanosomes outside or within keratinocytes of the upper layers was also occasionally observed (Fig. 3) . Melanophage deposition was sometimes observed in the upper dermis of vitiligo.
Detection of E-cadherin and apoptosis
The same staining pattern was observed for E-cadherin in lesional and non lesional vitiligo skin as that observed in normal skin. Melanocyte early apoptosis was not detected in sections where they were observed in a suprabasal position.
Discussion
In normal skin, detachment of melanocytes from the basement membrane and their upward migration in the upper layers of the epidermis has been reported in two non physiological circumstances, namely chemical stress and tape stripping. After sodium lauryl sulphate application on the skin for 24 h, detached melanocytes move rapidly to, or are transported to, the more superficial layers of the living epidermis. 2 After removal of the stratum corneum of human epidermis with 30 applications of cellophane tape, several melanocytes were identified in the middle and upper epidermis. 34 Detached melanocytes were seen in a mid-spinous position, as in our observations, as early as 8 h after stratum corneum removal, and in an even more superficial location after 24 h. It is not known whether such changes in melanocyte location are related to an active melanocytic migration, or are due to the passive flow of pigment cells in the intercellular spaces generated by the altered keratinocytes. In vitiligo skin, to the best of our knowledge, this is the first report of experimentally induced detachment and transepidermal elimination of melanocytes. However, a photomicrograph showing a melanocyte located near to the granular layer has been published previously in non lesional vitiligo skin by Morohashi et al. 9 This phenomenon took place only in the first 30 h after friction, and only a few melanocytes underwent detachment, necessitating a large number of serial sections to document the detachment. To date, the mechanisms of depigmentation that occur during the Koebner phenomenon are unknown. Based on our findings, we believe that a mechanical detachment of melanocytes followed by transepidermal elimination is the probable explanation of the depigmentation observed during the Koebner phenomenon in vitiligo. It could be speculated that the Koebner phenomenon occurs only when a certain threshold value, variable for each patient, is reached, corresponding to a certain intensity of trauma given to the skin. Isomorphic responses may occur after epidermodermal injury (scarification) 35 and after UV irradiation, but also after superficial epidermal trauma, e.g. friction during washing or professional activities. [36] [37] [38] It has been suggested that defective adhesion could be involved in the progressive loss of melanocytes in vitiligo. Ultrastructural studies of the normal epidermal melanocyte describe the cell as lacking devices for attachment to neighbouring cells or to the basal lamina. No melanocyte-keratinocyte adhesion structures can be detected by electron microscopy. It is assumed that melanocytes and keratinocytes interact through adhesion molecules. Molecules that mediate melanocyte adhesion can be grouped in distinct families based on structural homologies between their members, mainly integrins and cadherins. The two systems might promote melanocyte localization in the basal layer of the epidermis. Interactions between melanocytes and the basement membrane are mediated by integrins, and interactions between melanocytes and keratinocytes are mediated by cadherins. [39] [40] [41] [42] [43] In vitiligo, no marked differences were found in the overall level of expression of integrins between control, non lesional or lesional vitiligo skin. 44 Calciumdependent E-cadherin is the major mediator of human melanocyte adhesion to keratinocytes in vitro. In this study, we have observed a normal expression of E-cadherin in lesional and non lesional vitiligo skin. However, recent studies have pointed out the importance of Ca 2+ ion regulation in the aetiology of this disease. Defective Ca 2+ transport has been shown in keratinocytes and melanocytes established from vitiliginous skin. 45 Topical calcipotriol, a vitamin D analogue, may play a role in Ca 2+ regulation and appears to be an effective treatment in some patients with vitiligo. 46 Together with melanocytes, epidermal keratinocytes may show the marked changes in vitiligo skin [47] [48] [49] observed by us in the present study. Curiously, degeneration of keratinocytes and extracellular granular material deposits are the same histological features described after severe frictional injury of normal skin. 50 Altered synthesis of extracellular matrix components by damaged keratinocytes thus may ultimately lead to the disappearance of melanocytes. 51, 52 Ultrastructural abnormalities of the basal membrane, also shown in perforating disorders, have been observed frequently in vitiligo, namely multiple replication or ÔlayeringÕ of the basement membrane directly beneath melanocytes, 7 and focal gaps in the basement membrane. 53 Another finding was the increasing amount of tenascin content in the basal membrane in contact with epidermal melanocytes in vitiligo skin. 44 Tenascin has been described as an antiadhesive molecule that markedly inhibits adhesion of melanocytes to fibronectin in vitro. 54 Thus, numerous abnormalities may lead to a decrease in frictional resistance of melanocytes in vitiligo.
Normal melanocytes would be expected, like other senescent or damaged cells, to undergo apoptosis when detached from their natural substrate, the basement membrane. Apoptosis has been demonstrated ex vivo as a mechanism of melanocyte death in a culture model of melanocytes. 55 It has been found in vivo in White Leghorn chickens 56 and in vitiligo mice. 57 It has not been clearly observed in humans with progressive vitiligo. Recent reports have shown that components of the extracellular matrix work as survival factors through the suppression of apoptosis. 58 It is believed that the main effector molecules for attachment-mediated suppression of apoptosis are the bcl-2 and bax proteins expressed by melanocytes in vivo and in vitro. 59, 60 Detachment of melanocytes from the basement membrane could result in the downregulation of bcl-2 and bax expression, followed by apoptosis.
However, recent studies detecting bcl-2 and bax by flow cytometry and immunohistology failed to reveal differences in control, non lesional and perilesional epidermal melanocytes. 61 It is therefore unlikely that vitiligo is causally related to a dysregulation of apoptosis regulatory molecules. Surprisingly, an ectopic distribution of premelanosomes within keratinocytes of the suprabasal layers has been reported by Tobin et al. 62 in lesional skin of long-duration vitiligo. In the present study, our observations suggest that detached melanocytes located in the upper layer of the epidermis in vitiligo skin were still able to produce and transfer melanin to surrounding keratinocytes (Fig. 3) . Those detached melanocytes were not detected by the M30 CytoDEATH antibody, which reveals early apoptosis events (data not shown). Overall, our data suggest that melanocytes undergoing detachment are still alive up to the granular layer.
In conclusion, whatever the intrinsic pathomechanisms involved in vitiligo (e.g. autoimmunity or abnormal redox status), extrinsic pathomechanisms, including mechanical trauma, seem to be necessary for inducing chronic epidermal melanocyte loss. 63 Further studies should address as a priority those associated mechanisms of detachment to implement effective preventive strategies.
